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Introduction {#sec001}
============

Japanese Encephalitis (JE) is a mosquito-borne flavivirus that causes neurological infection in humans. Without early diagnosis and management, it may have mortality rates of 15--30%, and up to half of the survivors may have permanent, residual neuropsychiatric sequelae \[[@pone.0175745.ref001]--[@pone.0175745.ref004]\]. Although the first case of JE in India was reported in 1955, \[[@pone.0175745.ref005]\] it was not until 1978--79, when routine monitoring was started, that the real magnitude was ascertained. Between 1978 and 2007, 103,389 cases of JE or Acute Encephalitis Syndrome (AES) have been reported from India, with 33,729 deaths (case fatality rate 32.6%). \[[@pone.0175745.ref006]\] From 2010 to 2014, Uttar Pradesh (UP) accounted for 42% of all AES cases and 22% of all JE cases reported from the country. \[[@pone.0175745.ref007]\] Endemic areas experience cyclical epidemics associated with high mortality. \[[@pone.0175745.ref008],[@pone.0175745.ref009]\].

Despite growing concerns over the emergence of JE in India, it remains poorly understood, mainly because the problem has been approached in a compartmentalized manner, with human health, animal health, environment, socio-economic factors, policy design and implementation being examined in isolated silos. This has resulted into sector-specific interventions like vaccination and segregation of piggeries, which have not resulted in a significant reduction in the incidence of JE/AES.

There is a need to study the disease and its drivers in an integrated, transdisciplinary framework for a holistic understanding of the complex interplay of factors and to design effective interventions. \[[@pone.0175745.ref010]\] The present study was conducted in a high endemic district of Uttar Pradesh (UP) to understand the human-animal-ecosystem interactions, as well as the social and the environmental factors that influence disease transmission in this region.

Materials and methods {#sec002}
=====================

A cross-sectional, descriptive study, employing a mixed methods design was conducted in the Kushinagar district of UP, between July 2012 and October 2014. A multidisciplinary team of researchers, the EcoHealth Research Core Group (ERCG), created a conceptual framework ([Fig 1](#pone.0175745.g001){ref-type="fig"}) illustrating typical elements of JE transmission, infection, and outcomes in the setting of an endemic North Indian village ecosystem based on a literature review, expert knowledge and the findings from a small exploratory study.

![Conceptual framework of Japanese Encephalitis transmission developed by the EcoHealth Research Core Group.](pone.0175745.g001){#pone.0175745.g001}

The ecosystem approach focused on the two subsystems of JE: the domestic biotope and the peri-domestic biotope. The domestic biotope was defined as the one in which humans reside, that is, within and around the immediate household settings, comprising of human houses and animal shelters, with characteristic cohabitation of humans and domesticated animals. The domestic biotope was further divided into indoor and immediate outdoor biotopes. The peri-domestic biotope, defined as the area around the domestic biotope, comprised of crop vegetation, including rice/paddy fields, and other land and water bodies (such as ponds). The peridomestic biotope sometimes extended for several miles, and was the main connecting agro-ecosystem between villages. There were sparse patches of wastelands which could serve as seasonal breeding places for mosquitoes.

Human sampling {#sec003}
--------------

Published data from endemic villages in South India have suggested JE-specific IgM is demonstrable in \~10% children. \[[@pone.0175745.ref011]\] Considering Kushingar to be a highly endemic district, and assuming the anticipated prevalence of JE-specific IgM to be 15%, minimal size of a random sample, at 95% confidence level, with absolute precision of 5%, power of 80% and alpha of 5% was computed to be 196 children.

Based on retrospective analysis of AES cases reported, blocks in Kushinagar were stratified into high, medium and low burden tertiles of endemicity, and one block was selected randomly from each of these stratum; then, two villages with pig rearing and two without pig rearing were selected randomly from each of the blocks. According to the 2001 census of India, there were 1572 villages and 426,064 households in Kushinagar, with an average of 271 households per village \[[@pone.0175745.ref012]\]. Using systematic random sampling, 5% of the village households were enrolled for the survey and blood-draws. Whole blood and sera were collected from all healthy children aged 1 to 15 years in these households. All serum samples were screened for JE-specific IgM using MAC ELISA. \[[@pone.0175745.ref013]\] Samples negative for anti-JEV IgM were tested for the presence of JE RNA by real time reverse transcription polymerase chain reaction (rRT-PCR) in peripheral blood mononuclear cells (PBMCs).\[[@pone.0175745.ref014]\] To rule out post-vaccination IgM antibodies, children vaccinated against JE in the preceding three months were excluded.

Household surveys for human and pig blood collection were conducted during peak transmission season (October-November) and entomological surveys for vector collection in pre-peak (June-July) and peak density seasons (August-September).

Pig sampling {#sec004}
------------

The pig survey was delinked from the household survey, since pig-rearing was seen in only one particular community in the villages. Considering a total universe of 300 pigs based on the initial surveys, for a JE seroprevalence of 20.6% as indicated by previous surveillance data, minimal size of a random sample, at 95% confidence level, with absolute precision of 10%, power of 80% and alpha of 5%, was computed to be 52 pigs \[[@pone.0175745.ref015]\]. Pigs older than 3 months of age were sampled. All pig blood samples were collected from anterior jugular vein in two aliquots--one used for separation of serum and other in anticoagulant as whole blood. Recent infection in pigs in sample villages was detected by testing pig serum samples for JEV specific antibodies. IgG ELISA in younger cohorts (pigs aged 3--8 months), that had lived through only one transmission cycle, was used as a proxy test for recent infection instead of using IgM MAC ELISA as the commercial kits for the latter were unavailable, and attempts to standardise an in-house test during the study period were unsuccessful. Pig whole blood samples were also tested for viral RNA in peripheral blood mononuclear cells (PBMC) using rRT-PCR.

Entomological survey {#sec005}
--------------------

Entomological survey involved both larval sampling and adult mosquito collection. In each village, before the start of entomological survey, data collectors interacted with village leaders to ascertain presence and location of prominent landmarks. A map of the village was drawn, showing approximate demarcation of the village area into domestic indoor, domestic outdoor and peri-domestic biotopes with important landmarks and vegetation types in and around the village.

### Larval sampling {#sec006}

Mosquito larvae were collected using a standard larval ladle \[[@pone.0175745.ref016]\] from ground water collections. First, water samples were collected from around all the brick kilns, large water bodies (e.g. pond) and fallow land within 2 km radius of the village; small water collections around each landmark were considered to be the same source. Special attention was given to water hyacinth vegetation, known to facilitate breeding of mosquito larvae. Second, to ensure randomness and representativeness, yet feasibility, water samples were collected from 5% (every 20^th^ water collection) of the water collection around paddy fields and other sources of ground water collection (e.g. puddles and ditches) along a 500m strip around the village.

### Adult mosquito collection {#sec007}

Adult mosquitoes were collected from domestic indoor, domestic outdoor and peri-domestic biotopes of all villages.

### Domestic indoor collection {#sec008}

Each village was demarcated into three concentric zones (centre, medium and peripheral zones). Five houses meeting the selection criteria were selected (two each from periphery of the village and middle zone and one from the centre). Standard total catch by space spray method \[[@pone.0175745.ref016]\] was used to collect indoor resting mosquitoes in morning hours (6-8am) and vector density estimated as number per room density (PRD).

### Domestic outdoor collection {#sec009}

Outdoor resting mosquitoes were collected from vegetation using the Hop Cage Method. Among patches of domestic outdoor vegetation, mosquitoes were collected from three patches (one each from the periphery, middle and central areas of the village).

### Peri-domestic biotope collection {#sec010}

Based on the local agricultural practice, six types of crop vegetations were identified for mosquito collection: paddy, sugarcane, wheat, fodder plant, millet, and mustard. At least four fields (one from each of the four directions) from each type of vegetation were sampled using the BPD Hop Cage Method as outlined by Das \[[@pone.0175745.ref017]\]. Vector density was estimated as number per hop cage (PHC). Outdoor adult resting mosquito samples from the domestic and peri-domestic biotopes were collected in early morning hours before 10:00 am.

Geo-spatial data on land use/land cover for ecological assessment was collected during the entomological surveys.

Qualitative methods {#sec011}
-------------------

A qualitative arm was integrated into the methods to identify risk drivers that might have been missed during quantitative estimation. The knowledge, perceptions and practices of various stakeholders on JE/AES transmission, prevention, control and treatment during acute illness were mapped through 17 in-depth interviews (IDIs), and four focus group discussions (FGDs). Community, district, state and national stakeholder consultations were conducted for respondent validation and refinement of the emerging model. Synergy or divergence between the perceptions of different stakeholders were mapped through thematic analysis of transcripts.

Analysis plan {#sec012}
-------------

Quantitative data were analysed by descriptive tabulations, followed by univariable and multivariable analyses using logistic regression to identify the significant risk drivers for JE infection. It was postulated that the presence of the identified risk drivers were positively associated with JE infection in children in the sample villages. For qualitative data, triangulation was done both across methods as well as across respondent groups. The grounded theory approach was used to explain the derived phenomena.

Ethical considerations {#sec013}
----------------------

Ethical clearances were obtained from the Public Health Foundation of India's Institutional Ethics Committee and the Institute Animal Ethics Committee of the Indian Veterinary Research Institute (Approval \#10, dated 2 Dec 2011, IVRI IAEC proceedings). Due approval was also obtained from the Health Ministry's Screening Committee (HMSC). Written informed consent was obtained from all participants.

Results {#sec014}
=======

Sample characteristics {#sec015}
----------------------

The study included 125 households from 12 villages in three blocks. There were 38 households from Padrauna, 40 from Kaptanganj and 47 from Khadda. The median size of the households was seven members (IQR 5--9); the median number of rooms were two (IQR 2--4). Almost half of the respondents (49.4%) were men; it was a predominantly young population with the mean age being 23 years and 42% being aged under 15 years; amongst those older than 15 years, 64% self-reported as literate.

JE positivity in children {#sec016}
-------------------------

Blood samples were obtained from 242 of the 363 eligible children (65%); 24 tested positive (9.9%) either for JE IgM or for JE RNA. Out of the positive cases, only two were positive by ELISA IgM and the rest were positive on rRT-PCR. Padrauna accounted for the highest number of JE positive children (n = 12), followed by Kaptanganj (n = 7) and Khadda (n = 5). There was a significant relationship between increasing age of the child and JE virus (JEV) positivity (χ^2^ = 25.79, df = 14, p = 0.027).

JE positivity in pigs {#sec017}
---------------------

Of 105 pigs in the sampled households, 56 were eligible for inclusion, and 51 (91%) were tested. Of them, 38 (74.5%) were positive for recent JEV infection using either ELISA (n = 35, 68.6%) or PCR (n = 8, 15.6%). A chi-square test for independence did not reveal a relationship between age of the pig and JEV positivity. The proportion of pigs positive for JE in the three blocks was not statistically significantly different.

Vector survey and JE positivity {#sec018}
-------------------------------

In course of the study a total of 448 sites were sampled, over 6,000 mosquitoes were collected, of which 2% belonged to the species of interest (known vectors: *Culex vishnui*, and *Cx*. *tritaeniorhynchus*; suspected vectors: *Cx*. *gelidus*, *Cx*. *epidesmus*, and *Cx*. *whitmorei*). *Cx*. *vishnui* was the most prevalent species in all three blocks (62%), followed by *Cx*. *whitmorei* (29%). In the first round, the highest number of mosquitoes from the species of interest was retrieved from Kaptanganj (18/41), followed by Khadda (14/41) and Padrauna (9/41). In the second round, Khadda (47/60) accounted for the highest number of mosquitoes belonging to the species of interest, followed by Kaptanganj (9/60) and Padrauna (4/60). *Cx*. *vishnui* was the commonest isolate in both the rounds (34/41 in the first and 28/60 in the second). Further details of vector sampling results are provided in [S1 Table](#pone.0175745.s001){ref-type="supplementary-material"}, [S2 Table](#pone.0175745.s002){ref-type="supplementary-material"} and [S3 Table](#pone.0175745.s003){ref-type="supplementary-material"} in the supporting information.

JEV positivity was found in three pools of mosquito species that were not known or suspected vectors. Two of these pools were from Kaptanganj and consisted of 4 and 10 mosquitoes; the third positive pool was from Khadda and consisted of 53 mosquitoes. The number of villages with more than one vector species increased from the first round (three: Bahadurganj, Amdiha, Gajara) to the second one (five: Amdiha, Gajara, Belwa Jungal, Bulahwa, Chamardiha). Domestic indoor densities of vectors tended to be higher in villages with higher man:bovine ratios, although such correlations were not statistically significant. Vector density at the domestic outdoor sites was 1.5--2 times that in the peri-domestic sites. Overall, the vector density in the outdoor biotope for the three blocks combined was 0.24 mosquitoes/10 hop cages for the species of interest and 2.73 mosquitoes/10 hop cages for all species combined; the corresponding densities in the peri-domestic biotope were 0.13 and 0.78 mosquitoes/10 hop cages. Analysis of 15 blood meals from vectors in five villages in three blocks (in all three biotopes) revealed human blood in 10 samples (seven in domestic indoor, two in domestic outdoor and one in peridomestic biotopes respectively). Human blood meal was detected from *Cx*. *vishnui*, *Cx whitmorei* and *Cx gelidus*. Details of the vector density across the different biotopes, in different rounds of data collection are outlined in [Table 1](#pone.0175745.t001){ref-type="table"} below. More details of vector samples are provided in the [S1](#pone.0175745.s001){ref-type="supplementary-material"}, [S2](#pone.0175745.s002){ref-type="supplementary-material"} and [S3](#pone.0175745.s003){ref-type="supplementary-material"} Tables provided as supporting information.

10.1371/journal.pone.0175745.t001

###### Vector density in the different biotopes.

![](pone.0175745.t001){#pone.0175745.t001g}

  District         Domestic Indoor Biotope   Domestic Outdoor and Peri-Domestic Biotope                                                                       
  ---------------- ------------------------- -------------------------------------------- ------- ------- ------- ------- ------ ------ ------- ------ ------ -------
                   R1                        R2                                           R1+R2   R1      R2      R1+R2   R1     R2     R1+R2   R1     R2     R1+R2
  **Padrauna**     0.54                      0.10                                         0.27    77.23   56.45   64.64   0.05   0.04   0.04    0.18   1.27   0.77
  **Kaptanganj**   0.79                      0.30                                         0.50    30.71   19.40   24.06   0.30   0.07   0.15    1.35   0.90   1.06
  **Khadda**       0.50                      1.45                                         1.09    30.00   93.50   69.69   0.26   0.32   0.30    4.16   1.18   2.24

Drivers of JE virus transmission {#sec019}
--------------------------------

The outcome variable was defined as JEV infection status (positive or negative). Univariable analysis showed that gender, religion, lack of indoor residual spraying of insecticides in the past year, indoor vector density (all species), and not being vaccinated against JE in children were significantly associated with JE positivity ([Table 2](#pone.0175745.t002){ref-type="table"}).

10.1371/journal.pone.0175745.t002

###### Univariable analysis of drivers of JE virus infection in children (1--15 years).

![](pone.0175745.t002){#pone.0175745.t002g}

  Parameter                                                                    OR     95% CI
  ---------------------------------------------------------------------------- ------ ---------------
  **A. DOMESTIC BIOTOPE**                                                             
  **1. Demographics**                                                                 
  Gender (Male compared to female)                                             4.32   1.56--12.01
  Religion (Muslim compared to Hindu)                                          2.30   1.03--5.14
  **2. Livestock Ownership and Human-Animal Contact**                                 
  Man: animal ratio (log; per 1 log increase)                                  2.03   0.40--10.21
  Man:bovine ratio (log; per 1 log increase)                                   2.43   0.71--8.29
  Livestock Ownership                                                          0.82   0.43--1.56
  Village pig ownership                                                        1.02   0.38--2.74
  Village pig positivity (per 10% increase in pig-owning villages)             0.85   0.61--1.19
  Bovines sleeping \<5m from where humans sleep versus those that sleep \>5m   0.53   0.12--2.31
  **3. Vector Control and Density**                                                   
  Mosquito spraying in the past 1 year                                         0.31   0.19--0.50
  Indoor Vector Density                                                               
  R1 all mosquitoes                                                                   
  High                                                                         5.47   2.94--10.18
  Medium                                                                       4.73   2.06--10.86
  Low                                                                          1      ---
  1 unit increase                                                              5.03   2.52--10.04
  R2 all mosquitoes                                                                   
  High                                                                         0.49   0.1--2.55
  Medium                                                                       1.59   0.53 --.84
  Low                                                                          1      ---
  1 unit increase                                                              0.76   0.40--1.45
  Outdoor Vector Density                                                              
  R1 species of interest                                                              
  High                                                                         0.22   0.08--0.57
  Medium                                                                       0.62   0.29--1.31
  Low                                                                          1      ---
  1 unit increase                                                              0.52   0.35--0.76
  R2 species of interest                                                              
  High                                                                         0.5    0.16--1.55
  Medium                                                                       0.19   0.09--0.41
  Low                                                                          1      ---
  1 unit increase                                                              0.51   0.19--1.35
  *Cx*. *vishnui* outdoor R1                                                          
  High                                                                         0.22   0.08--0.57
  Medium                                                                       0.62   0.29--1.31
  Low                                                                          1      ---
  1 unit increase                                                              0.52   0.35--0.76
  *Cx*. *vishnui* outdoor R2                                                          
  High                                                                         0.42   0.16--1.07
  Low                                                                          1      ---
  **4. Vaccination Status**                                                           
  Proportion vaccinated in villages (per 10% increase)                         0.29   0.16--0.53
  **B. PERI-DOMESTIC BIOTOPE**                                                        
  **1. Location (Block)**                                                             
  Padrauna                                                                     3.28   1.01--10.65
  Kaptanganj                                                                   1.81   0.3--8.98
  Khadda                                                                       1      ---
  **2. Land use/land cover**                                                          
  Paddy 500 m (log; per 1 log increase)                                        9.8    0.29--333.18
  Paddy 3 km (log; per 1 log increase)                                         21.7   0.13--3594.05

In multivariable analysis, only gender remained as a significant risk factor (OR 4.83, p\<0.003) ([Table 3](#pone.0175745.t003){ref-type="table"}).

10.1371/journal.pone.0175745.t003

###### Multivariable analysis of drivers of JE virus infection in children (1--15 years).

![](pone.0175745.t003){#pone.0175745.t003g}

  Parameter                                             OR     95% CI         p-value
  ----------------------------------------------------- ------ -------------- ---------
  Location (Block)                                                            
  Padrauna                                              1.79   0.96--3.32     0.065
  Kaptanganj                                            0.84   0.29--2.43     0.75
  Khadda                                                1      ---            
  Proportion vaccinated in village (per 10% increase)   0.36   0.11--1.1723   0.09
  Gender (Male compared to female)                      4.83   1.68--13.88    0.003
  Religion (Muslim compared to Hindu)                   1.12   0.39--3.23     0.84
  Mosquito spraying in the past 1 year                  1.3    0.49--3.4      0.6

Drivers of JE outcome {#sec020}
---------------------

Results of the qualitative analysis of interviews with various community stakeholders indicated a lack of awareness about the disease, its causes, transmission, and prevention and control measures ([Table 4](#pone.0175745.t004){ref-type="table"}).

10.1371/journal.pone.0175745.t004

###### Main themes studied in qualitative analysis.

![](pone.0175745.t004){#pone.0175745.t004g}

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Stakeholders in IDIs                                               Core themes showing synergy across respondents                                                                                                                                                                                                     Core themes showing divergence across respondents
  ------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------
  • Pig Owners\                                                      • JE/AES (Dimaghi Bukhar) is a deadly disease, but not a major health problem.\                                                                                                                                                                    • Awareness about JE/AES.\
  • Utilizers of care of acute illness (AES)\                        • JE/AES is associated with general unhygienic conditions. No link with pigs.\                                                                                                                                                                     • Incidence of JE/AES.\
  • Non-Utilizers of care of acute illness (AES)\                    • Pig owners felt that pigs did not play a significant role in transmission of JE.\                                                                                                                                                                • Coverage of JE vaccination.\
  • Representatives of Non-Government Organizations (NGOs)\          • Minimal role of Accredited Social Health Activist (ASHA) or Auxiliary Nurse Modwife (ANM) (government health workers) in the first contact care of Acute Illness: First contact care usually provided by Non-Formal Prescriber in most cases.\   • Care of acute illness in health care system.\
  • Health care providers (Human)\                                   • No social or cultural resistance to JE vaccination or mosquito control activities.\                                                                                                                                                              • Training of human and veterinarian health functionaries.\
  • Health care providers (Veterinary)\                              • No gender-based discrimination in the care of acute illness.\                                                                                                                                                                                    • Participation of NGOs\
  • District Level Providers: Human Health-1 + Veterinary Health-1   • Non-utilization of funds available with Village Pradhan (Local Self Government).                                                                                                                                                                 

  **Stakeholders in FGDs**                                                                                                                                                                                                                                                                                              

  • Farmers\                                                                                                                                                                                                                                                                                                            
  • Community leaders\                                                                                                                                                                                                                                                                                                  
  • Students (11--15 years)                                                                                                                                                                                                                                                                                             
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

These are likely to influence disease outcomes. The only exceptions identified were that there did not appear to be any gender-based discrimination in the care of acute illness, and there were no perceived sociocultural barriers to JE vaccination or vector control programs. Qualitative analysis of drivers of JE outcomes complements the quantitative findings, and is forthcoming in a separate publication \[[@pone.0175745.ref018]\].

Expected caseloads {#sec021}
------------------

Previous studies from India have ascertained that for every case of symptomatic JE, there are 200 patients who suffer from asymptomatic or subclinical disease \[[@pone.0175745.ref011]\]. Using the 2011 census population of Kushinagar (3,560,830) and the number expected to be under 15 years of age (1,246,573), the projected number of asymptomatic cases at the current prevalence of 9.9% is 123,627. Assuming the 1:200 ratio to be valid in this setting, the expected number of symptomatic or clinical cases of JE in Kushinagar should have been 618.

Discussion {#sec022}
==========

The endemicity of JE in India is attributable to several factors, including large number of people living in the vicinity of irrigated lands, high vector densities in endemic areas, dependence on pig farming, and meteorological conditions. \[[@pone.0175745.ref009],[@pone.0175745.ref019],[@pone.0175745.ref020]\] Given the contexts in which JE is typically transmitted in endemic areas, it is important to note that eco-epidemiological factors interact with the less well-defined socio-cultural drivers in a complex continuum to influence the overall disease epidemiology \[[@pone.0175745.ref021]--[@pone.0175745.ref025]\]. From an intervention perspective it is important to understand not only the factors that operate at the different levels but also the relationships that exist between them, some of which may be amenable to modifications to reduce the morbidity and mortality due to JE \[[@pone.0175745.ref024]\]. In this study, we investigated the different factors that drive JE transmission in a highly endemic JE ecosystem in Kushinagar.

Evidence of recent JE infection was seen in almost 10% of human (24/242) and 75% (38/51) of pig samples, with positive vector pools seen in 25% of the villages (3/12). The presence of a large pool of recently infected amplifier hosts (pigs), and the high density of vectors indicate the potential for high intensity transmission. The difference in infection rates between Khadda and Padrauna (OR 3.28, 95% CI 1.01--10.65) indicates that block level differences likely drive infection rates. We used an ecosystems approach to identify and explain the drivers for the likely emergence of such relatively high transmission of JE virus in Kushinagar.

Evidence from Southeast Asia puts seropositivity for JE in asymptomatic children between 5--8% and that among pigs at 30%. \[[@pone.0175745.ref026]--[@pone.0175745.ref029]\] The presence of 10% infected children and 75% infected pigs in our study indicates a much higher intensity of JE virus transmission, especially amongst the amplifying hosts. We estimated 618 symptomatic cases of JE in humans would have occurred in Kushinagar district alone in 2012. However, in that particular transmission season, only 139 cases were reported across UP, and 745 cases reported across India. \[[@pone.0175745.ref007]\] Aside from underreporting, this may also highlight the lacunae of the diagnostic tests employed. The National Vector Borne Disease Control Program (NVBDCP) recommends using IgM capture ELISA \[[@pone.0175745.ref030]\] for diagnosis and surveillance of JE. This test has been demonstrated to have high specificity, but poorer sensitivity, varying between 17--57%. \[[@pone.0175745.ref031]\] Consequently, there is a possibility that JE contributes to a greater proportion of AES cases than is identified at present. We employed rRT-PCR, which has been shown to have superior sensitivity and specificity \[[@pone.0175745.ref014],[@pone.0175745.ref032]\] compared to IgM capture ELISA and RT-PCR, and this may have led to a higher yield for diagnosis of JE infection in this study. This calls for a closer scrutiny of the policy endorsing IgM ELISA as the first line diagnostic method. The clinical and public health significance of the detection of JEV RNA in PBMCs of a large proportion of samples, indicating latent infection \[[@pone.0175745.ref033]\], also merits investigation.

In the domestic outdoor biotope, vector biting and resting behaviour emerged as a driver, along with possible zoopotentiation due to the presence of cattle and other animals. Univariable analysis revealed that a higher density of *Cx*. *vishnui* and *Cx*. *tritaeneorhynchus* in the domestic outdoor biotope was associated with a significantly lower odds of JE in children. This finding, when analysed in combination with the fact that JE virus in human blood meal was isolated from species which are not known to transmit JEV, and that most of the blood meals of human source were seen in mosquitoes isolated from the domestic indoor biotope, raises some concerning hypotheses. The first is the possibility of species other than the ones which were identified to be of interest have a role to play in the transmission of JEV. The ability of *Culex pipiens*, *Culex orientalis* and *Aedes albopictus* to function as competent vectors for JEV have been documented recently.\[[@pone.0175745.ref034]--[@pone.0175745.ref036]\] The second is the possibility that the JE vectors, traditionally believed to be exophilic, exophagic, and zoophagic, are changing their behaviour in favour of endophily and endophagy. Further, finding of lower odds among children, despite higher vector density in domestic outdoor biotope, may indicate lower exposure of children to mosquito bite, as they sleep indoors. Limited blood meal analysis of adult mosquitoes further supported the possibility of opportunistic endophilic and endophagic behaviour in the vectors. Although conventional wisdom dictates that the vectors associated with JE transmission are strongly attracted to cattle and are exophilic and exophagic in nature, there has been emerging evidence, especially from highly endemic areas, which indicate that *Culex* mosquitoes may exhibit endophilism. \[[@pone.0175745.ref037]\] With indications of opportunistic endophilism, some locations in the village may be targeted for selective use of Indoor Residual Spraying of pesticides (IRS), especially in and around households which have domestic animals (for example, cattle) that may contribute to zoopotentiation. \[[@pone.0175745.ref038]\].

Cattle is believed to provide zooprophylaxis by attracting vectors for blood meals, but effective zooprophylaxis occurs only when a favourable man:animal ratio exists. If this ratio is not achieved, then there is the possibility of a detrimental zoopotentiating effect instead. \[[@pone.0175745.ref039],[@pone.0175745.ref040]\] We found a statistically significant negative correlation between the number of cows in a village and the density of mosquitoes belonging to the species of interest found indoors during the peak transmission season (*r*: -0.643, p = 0.024).

The role of pigs as amplifier hosts of the JE virus is well established. \[[@pone.0175745.ref020],[@pone.0175745.ref041]\] The presence of JE infected children in both pig-owning and non-pig-owning villages indicates high transmission of the virus. Backyard pig-rearing, with poor protection from vector bites, in combination with poor awareness regarding the disease, its spread, prevention and control, resulted in the failure to recognise the role of pigs in the epidemiology of JE. Similar perceptions have been documented among pig-rearing communities of Bangladesh, who believe that diseases could be transmitted between pigs, but not from pigs to humans. \[[@pone.0175745.ref042]\] Vectors could play a critical role in maintaining high JE infection rates in non-pig-rearing villages. Culicine mosquitoes have been shown to have mean flight range of 4.4 km, with maximum flight ranges of up to 12 km being documented in some settings.\[[@pone.0175745.ref043]\] Studies have implicated meteorological conditions and vector populations as critical to the occurrence of JE infection in areas without significant pig populations. \[[@pone.0175745.ref022],[@pone.0175745.ref044]\] In Australia, it has been seen that herons and egrets are potential sources from where the vectors may acquire the JEV;\[[@pone.0175745.ref045]\] such a scenario, though not entirely unlikely in the Indian setting, is probably not a major driver. The proximity of villages and the feral nature of pigs which have been documented to have wide wandering ranges, in combination with extensive vector flight ranges, is likely to drive the intense transmission of JEV infection in children even in the villages without any pig-rearing activities. This further reinforces the needs to limit access of vectors to both the amplifying hosts, as well as man.

Some experts have recommended moving pig shelters away from human habitats to reduce vector contact with them, but in the Indian context this would be practically impossible. \[[@pone.0175745.ref020],[@pone.0175745.ref045]\] Proximity of villages and flight range of vectors are likely to offset any gains. There is an urgent need for a targeted intervention, such as covering of pig pens with Insecticide Treated Nets (ITNs). Previous studies have found that deployment of ITNs was associated with a sharp reduction in JE seroconversion in both pigs and human beings in endemic areas of India despite no significant reduction in outdoor vector densities. \[[@pone.0175745.ref038]\].

Another potential driver of JE infection, which functioned at the domestic biotope was the use of bed nets that were not impregnated with insecticides and IRS in the past year. The National Institute of Communicable Diseases (NICD) does not recommend IRS for control of JE vectors. \[[@pone.0175745.ref046]\] However, our study found that children from households that reported spraying in the past year were less likely to have JE infection. Furthermore, Padrauna and Kaptanganj blocks had the lowest incidence of IRS activities and also accounted for a higher number of JE-positive children. This calls for greater scrutiny of the potential benefits of IRS for JE vector control, especially given very low IRS coverage in all the sampled households (9%).

Although self-reported mosquito net usage was found to be high across all three blocks, none of these nets were insecticide impregnated, which may account for the failure to prevent JE infection. This is a major gap from a programmatic perspective as there is ample evidence that proper use of ITNs lowers the risk of acquiring JE infection. \[[@pone.0175745.ref038]\] The current study, however, did not observe bed net use patterns to ascertain whether they were being used properly; it has been shown that despite high usage rates, effective protection offered may be low if there is inconsistent or improper use of bed nets. \[[@pone.0175745.ref047],[@pone.0175745.ref048]\] Future studies could be designed to address this lacuna of the current enquiry.

In the peridomestic biotope, vegetation type, mixed cropping, and vector behaviour emerged as potential drivers of JE infection. Gender was an important driver, possibly due to a higher likelihood of male children spending more time outdoors at dusk, thus being at a higher risk of being bitten by the vectors. \[[@pone.0175745.ref008]\].

A statistically non-significant but positive relationship between area under paddy cultivation and JE case load in the three blocks was observed. Although it has been difficult to establish the relationship between individual types of land cover and JE case loads, incidence of JE is known to be associated with extent of irrigated land. \[[@pone.0175745.ref049],[@pone.0175745.ref050]\] It is likely that a situation analogous to the malaria "paddies paradox", is occurring in this case: intensive agriculture leads to increased vector density, but in an area which is already experiencing intense and stable disease transmission, it is unlikely to cause a significant surge in the number of cases. \[[@pone.0175745.ref051]\] Emerging evidence suggests that mixed and multiple cropping system may have a protective effect. \[[@pone.0175745.ref052]\] In the case of the studied blocks, Khadda, which had the lowest JE case load, also had the widest array of agricultural products.

With respect to the systems drivers, vaccination emerged as a major protective factor in children. There was a statistically significant difference in the vaccination rates across the blocks (χ^2^ = 85.01, df = 2, p\<0.001) with all vaccinated children being from Khadda. None of the vaccinated children had tested positive for JE infection, indicating that vaccination could be the mainstay of preventive activities. However, overall, only 13% (40/314) of the studied children reported being vaccinated against JE. This is in stark contrast to the reported figures, with coverage between 2006 to 2009 being reported to be 79%. \[[@pone.0175745.ref053]\] This is also much lower compared to the findings of the Coverage Evaluation Survey (CES) 2009, which estimated that 61% of the children were fully immunized under the universal immunization program. \[[@pone.0175745.ref054]\] This divergence was also noted in the qualitative arm, where health functionaries believed that there was high coverage for JE vaccination, whilst the community failed to reinforce the assertion.

This calls for reforms on two counts: first, in the methodology of ascertaining coverage, especially for intense, campaign-mode vaccination as in the case of JE; and second, in providing better integration of JE vaccination with routine and supplementary immunization (SIA) activities. Thus, the push for increasing vaccination against JE in campaign mode, especially in endemic districts is welcome, but, in the absence of a robust coverage evaluation system, and a surveillance system, it is likely to result in sub-optimal outcomes.

We did not observe statistically significant difference in JE infection in children belonging to different socioeconomic strata. While the flight range of mosquitoes, high vector densities, and the high animal ownership patterns (40--50% animal ownership across all blocks) could explain the absence of a difference of JE infection across different socioeconomic status groups, this relationship needs further investigation.

Studies have repeatedly shown the high risk of adverse clinical outcomes in JE. Mortality has been shown to be in the range of 15%-30%, with long term sequelae being noted in 20%-50% patients followed up post-discharge \[[@pone.0175745.ref001]--[@pone.0175745.ref004]\]. Early diagnosis has been shown to be a key element in preventing incidence of fatal outcomes or long term sequelae in survivors with JE infection \[[@pone.0175745.ref055]\]. The qualitative arm provided insights into the drivers that may influence disease outcomes. Lack of awareness about the JE/AES risk factors, causes, prevention, control, and treatment, stood out as drivers of possible adverse clinical outcomes in patients of JE. This indicates that enforcement of information education and communication (IEC) activities needs to be given priority before implementing behaviour change communication (BCC) campaigns.

Acute care was fraught with systemic failures. Peripheral health care workers were not accessible and lacked credibility. Consequently, patients had to go through a series of referral steps, often resulting in unnecessary investigations and medications. Patients usually approached a non-formal practitioner, then, on worsening, got referred to private practitioners, who sent them to primary health centres, and eventually the district hospital or the local medical college. The time lost increased the risks of unfavourable outcomes. Faith in service providers and perceived effectiveness of available services are amongst the major determinants of health care seeking decisions made by the studied participants. Strengthening public-private partnerships at local levels and building a culture of rational use of diagnostic tools and medicines may help in addressing these problems.

Based on the initial conceptual model ([Fig 1](#pone.0175745.g001){ref-type="fig"} above) and the findings from the qualitative and quantitative arms of the study, a refined model was constructed, showing the sources, pathways and drivers of JE infection in ecosystems of high endemicity, as in the case of Kushinagar ([Fig 2](#pone.0175745.g002){ref-type="fig"} below).

![Sources, pathways and drivers of JE infection in ecosystems of high endemicity.](pone.0175745.g002){#pone.0175745.g002}

Limitations {#sec023}
===========

Limitations of the currently available serological tests (MAC ELISA) in detection of acute infection in symptomatic JE cases have been recently documented \[[@pone.0175745.ref056]\]; while we tried to address this by using rRT-PCR, this could explain the low positivity in our samples. \[[@pone.0175745.ref057]\] We did not investigate the role of wild birds and instead focused on avenues which have greater programmatic relevance from an intervention perspective.

Given its broad and holistic approach, EcoHealth research captures the complexities of the real world of disease prevention and control by covering more ground, if not depth. This may lead to loss of statistical power. In the real world situation, where often many of these hypotheses are overlapping and inter-related, it is rare that all but one hypothesis are rejected, leading to a summary understanding of the underlying factors. JE or other vector borne diseases, characterized by a complex ecology, thus need to be described through multiple hypotheses. In reality, it is likely, as we have shown in this study, that the outcomes are driven by a "composite of forces"; \[[@pone.0175745.ref058]\] multiple hypotheses, representing a portion of this composite, need to be evaluated so as to find the best fit. From programmatic angles, the onus is on finding those drivers which are most amenable to intervention. These considerations, which are the unique strengths of an EcoHealth approach, cannot always be accommodated within the boundaries of significance imposed by conventional statistics.

Despite the lack of statistically significant relationships, several associations have emerged which open up avenues of further enquiry, including several potential points of intervention to deal with the burden of JE. Further studies could concentrate on adopting study designs which help in establishing the strength of these associations, and if possible, identify causal relationships, if any.

Conclusions {#sec024}
===========

The first biotope-based study of the sources, pathways, and drivers of JE in a highly endemic district of India revealed the predominant drivers of JE infection in children as well as amplifier hosts (pigs). High vector density, emerging evidence of endophagic/endophilic behaviour in mosquito vectors, role of IRS in preventing infection, high prevalence of JEV infection in amplifier hosts (pigs), poor coverage of JE vaccination in sampled children, and an overall lack of awareness of the disease were identified as major drivers of infection and adverse clinical outcomes. Based on the JE infection rate, we estimated that in 2012, there should have been 618 cases of JE in Kushinagar. However, in 2012, there were 745 cases of JE reported from India. This mismatch could be explained by underreporting, as well as the choice of diagnostic tests, which have high specificity but poor sensitivity. These results provide valuable insights for program managers to design transdisciplinary interventions to combat JE infections in the community. Further, this study provides a template to study JE and other vector borne diseases through the agent-host-vector-environment interactions in the context of different biotopes.
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